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reactor with a capacitor bank connected between the reactor wmdings. At least one line winding is oriented in a first polarity on a core, arid 
at least one compensating winding oncnted in the opposite polarity on the core and connected between the output of the first winding and 
Am load. The 2»posmg fluxes generated by the line winding and tfic compensating winding cancel and thus reduce the through-reactance 
of the device between the load and the power supply. TTie input of a cnjss-link cinniit comprising a capacitor is connected between the 
ime winding and the compensating winding. The reactance through the cross-link circuit to the neutral (or another phase) is lower ttian die 
reactance through the Ime winding. Harmonic currents thus flow through the crtKs-link circuit, and are largely prevented from penetrBlin« 
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UNIVERSAL HARMONIC MITIGATING SYSTEM 

Field of Invention 

This invention relates to harmonic mitigating devices for electrical 
power distribution systems. In particular, this invention relates to a solid state passive 
5 harmonic mitigating device for connection between the power distribution system and 
one or more harmonic-generating loads, to reduce the levels of harmonic currents 
flowing into the power distribution system. 

Backgroimd of the Invention 

Electrical distribution systems, for example for distributing an 

10 electrical power supply through a building or industrial faciUty, are often subjected to 
harmonic currents generated by non-linear loads such as electronic equipment 
(including computers, adjustable speed drives (ASD), uninterruptable power supplies 
(UPS), power rectifiers, etc.) and equipment that uses different kinds of arc processes 
(including arc discharge lighting systems). These harmonic-generating loads generate 

15 various levels of conventional harmonics (5th, 7th, 1 1th, 13th, 17th, 19th, 23rd, 25th 
etc.) and, for single phase line-to-neutral non-linear loads, also zero phase sequence or 
"triplen" harmonics (3rd, 9th etc.) in the power distribution system, the harmonic 
spectrum depending upon the nature of the harmonic-generating load. 

For example. Figure 1 illustrates a typical current consumption 
20 waveform of a computer load at 60 Hz fundamental fi-equency, the accompanying 
table illustrating the distribution of harmonic currents present in the power 
distribution system as a percentage of the fundamental current. Figure 2 illustrates a 
typical current consimiption waveform of an ASD at 60 Hz, the accompanying gr^h 
illustrating the distribution of harmonic currents present in the power distribution 
25 system. 

These harmonic currents create many problems in the power 
distribution system, including increased voltage total harmonic distortion level, 
reduced electromagnetic compatibility of the loads, reduced reliability of the power 
distribution equipment, increased power losses, reduced power factor, and other 
30 problems which are well known to those skilled in the art. 
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Prior art systems for mitigatiiig harmonic currents fall into five basic 



types: 



10 



15 



20 



1 . Power factor corrected (PFC) power supplies: In these systems the rectified current 
is continually adjusted to smooth the current consumption waveform. An example is 
illustrated in Figure 3. PFC's are relatively expensive devices and their appUcations 
are limited. Also, PFC's cannot be retrofitted for use with existing power suppUes, and 
are not practical for use with large ASD*s. 

2. Active filters: These devices inject into the conductors between the power 
distribution system and the load, hannonic currents having a polarity opposite to those 
generated by the load, thereby neutralizing harmonic currents flowing into the power 
distribution system. An example is illustrated in Figure 4. Active filters have many 
disadvantages, including high cost, poor rehability and poor dynamic charactaistics. 
Active filters also are not practical for use with large ASD's. 

3. Resonant L-C filters: L-C filters are commonly used in power systems, tuned to 
different harmonic frequencies to mitigate specific hannonic currents. An example is 
illustrated in Figure 5. These devices present many problems which are well known 
to those skilled in the art, including high cost, poor efiectiveness in low voltage 
systems and the tendency to cause the system to operate with a leading power factor. 
Further, because L-C filters are non-directional they are easily overloaded by 
untreated harmonic currents generated by other hannonic sources connected to the 
power distribution system (for example in a neighboring facility), resulting in 
overloading and frequent failures of the filter's capacitor bank« 

4. AC chokes: In this hannonic mitigating technique reactors are coimected in series 
between the line and the load. An example is illustrated in Figure 6a (without a core) 
and 6b (with a core). This technique is simple, reliable and relatively low cost, 
however it results in a high voltage drop across the reactors. To reduce the voltage 
drop one must reduce the choke reactance level, which commensurately reduces the 
effectiveness of the choke and substantially limits harmonic cunent mitigation. 



30 



The voltage can be boosted by connecting a capacitor bank between the 
load and the choke, as shown in Figure 7, but this frequently causes the system to 
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operate with a leading power factor (especially in the case of light loading). In this 
case, since the reactance of the reactor at harmonic frequencies is much higher than 
the reactance of the reactor at the fundamental frequency, a large portion of the 
harmonic currents drain to the neutral through the capacitor. The capacitor has a high 
reactance at the fundamental frequency. However, the voltage drop across the choke 
remains very high. Thus, large compensating capacitors must be connected between 
the load and the choke to boost the voltage, which substantially increases the size and 
cost of the system and causes the system to operate at increased voltage levels during 
light loading conditions. 

5. Phase shifting systems: Different kinds of phase shifters are available which allow 
the creation of quasi-multiphase systems, reducing certain harmonic levels. Harmonic 
cunrents of targeted orders are cancelled or substantially reduced depending upon the 
selected degree of the phase shifl. However, such systems are typically limited in 
terais of the number of harmonic orders which can be mitigated, and the degree of 
harmonic mitigation depends upon the extent to which hamionics produced by the 
various harmonic sources are identical and their phase shift angles. 

Summarv of the Invention 

The present invention overcomes these disadvantages by providing a 
hannonic mitigating device connected between the power distribution system and the 
load which provides a flux shifting multiple-winding reactor with a capacitor bank 
connected between the reactor windings. At least one reactive element comprising a 
line winding connected to a first line, for example a phase, is oriented in a first 
polarity on a core. This provides a high reactance to harmonic currents generated by 
the load and flowing toward the power distribution system. According to the 
invention at least one compensating winding is provided on the same core, interposed 
in the first line between the line winding and the load, but oriented in a polarity 
opposite to the polarity of the line winding. The opposing fluxes generated by the line 
winding and the compensating winding cancel to a desired extent, and the cancellation 
of fluxes reduces the through-reactance of the device (i.e. supply-to-load) and thus 
reduces the voltage drop across the device between the power system and the load. 
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An intermediate point in the first line between the line winding and the 
compensating winding is connected to another line, which may be a neutral or a 
different phase, through a cross-link circuit comprising a capacitor. The c^acitor 
provides a high reactance to the fundamental current, while at the same time creating a 
5 lower reactance path for harmonic currents between the load and the neutral (or 
dififerent phase). As a result a large portion of the harmonic currents flows through 
the cross-link, which offers a lower reactance at harmonic fi^uencies than the line 
winding, and thus penetration of harmonic currents into the power distribution system 
is substantially mitigated. 

10 The flux cancellation reduces the through-reactance of the reactor, i.e. 

the reactance of the path between the power distribution system and the load, which 
accordingly reduces the voltage drop across the reactor (since voltage drop is 
proportional to reactance). At the same time, the line winding introduces a higji 
reactance level between the cross-link circuit and the power distribution system, so 

15 harmonic currents are diverted througji the cross-link circuit and are substantially 
eliminated fiom the system. This significantly decreases power losses in the power 
distribution system, which reduces energy usage, avoids overheating, decreases 
voltage distortion and improves the power factor. However, because the voltage drop 
across the device is substantially reduced by the cancellation of fluxes between the 

20 oppositely-directed line winding and compensating winding, the device of the 

invention eliminates the need for large capacitors to boost the voltage at the load, and 
also substantially reduces voltage fluctuations resulting fiiom load changes. 

Moreover, the reactor and the capacitor bank operate over a range of 
harmonic fi-equencies, and the device of the invention thus effectively operates as a 
25 wide band filter so that a single device can be used to mitigate multiple harmonic 
frequencies. 

In the preferred embodiment the cross-link circuit also includes a 
winding disposed on the same core as the line winding, or optionally on a separate 
core, and coimected in series with the capacitor in the same polarity as the line 
30 winding. This allows the frequency characteristics of the cross-link circuit to be 
selected as desired, providing an additional degree of freedom that allows the cross- 
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link circuit reactance to be selected so as to more effectively divert hannonic cuuents 
of selected frequencies. Additional windings may be provided in the device of the 
invention, providing that in each case at least one compensating winding is provided 
between at least one line winding and the load, to cancel (partially or fiilly) the flux 
5 generated by the line winding and reduce the voltage drop across the device between 
the power supply and the load. 

In a multi-phase system the compensating windings may be disposed 
on different core legs from the line windings to which they are respectively connected. 
This alters the reactance characteristics of the device, because the opposite fluxes 
10 generated by the line winding and its associated compensating winding will be out of 
phase, and at the same time changes the phase shift angle of the harmonic currents 
generated by a non-linear load. Also, in a multi-phase system the cross-link circuits of 
different phases can be interconnected to divert harmonic currents to a capacitor bank, 
with or without connection to a neutral. 

15 These and other variations of the invention will become apparent from 

the description of the preferred embodiments which follows. 

The present invention thus provides a harmonic mitigating device for 
mitigating harmonic currents generated by a load, comprising a magnetic core, a first 
reactive element comprising a line winding having a first end for connection to a first 

20 line and a second end, the line winding being disposed on the core in a first 

orientation, a second reactive element comprising a compensating winding having a 
first end for connection to the load and a second end, disposed on the core in a second 
orientation opposite to the first orientation, the second end of the compensating 
winding being connected to the first line through the line winding, and at least one 

25 cross-link circuit comprising a capacitor having an input connected to the first line at 
an intermediate point between the line winding and the compensating winding, and an 
output connected to a second line, wherein a reactance between the power distribution 
system and the load is reduced by a cancellation of fluxes generated by the line 
winding and the compensating winding, and a selected portion of the harmonic 

30 currents is diverted through the cross-link circuit. 
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The present invention further provides a harmonic mitigating device 
for mitigating harmonic currents generated by a load in a three phase power 
distribution system, comprising a magnetic core having at least three core legs, for at 
least one phase, a first reactive element comprising a line winding having a first end 
for connection to a first line of the power distribution system and a second end, the 
line winding being disposed on a leg of the core in a first orientation, a second 
reactive element comprising a compensating winding having a first end for connection 
to the load and a second end, disposed on the core in a second orientation opposite to 
the first orientation, the second end of the compensating winding being connected to 
the first line through the line winding, and at least one cross-link circuit comprising a 
capacitor having an input connected to the first line at an intermediate point between 
the line winding and the compensating winding, and an output connected to a second 
line of the power distribution system, wherein a reactance between the power 
distribution system and the load is reduced by a cancellation of fluxes generated by 
the line winding and the compensating winding, and a selected portion of the 
harmonic currents is diverted through the cross-link circuit. 

The invention further provides a method of reducing a voltage drop 
across a line reactor in a first line of a power distribution system, the line reactor 
comprising a line winding disposed on a magnetic core and having a first end 
connected to the first line and a second end connected to the load, comprising the 
steps of connecting a compensating winding in series between the line winding and 
the load, the compensating winding being disposed on the core and oriented in a 
polarity opposite to the polarity of the line winding, connecting the input of a cross- 
link circuit comprising a capacitor to the first line at an intermediate point between the 
Ime winding and the compensating winding, and connecting the output of the cross- 
link circuit to a second line. 

In a further aspect of the invention the magnetic core is provided with 
at least one non-magnetic gap. 

Various additional line windings, compensating windings, cross-Unk 
circuits and/or cross-link windings may be provided or omitted as desired to improve 
the ability to target specific harmonic fi-equencies. 
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Brief Description of the Drawings 

In drawings which illustrate by way of example only a preferred 
embodiment of the invention. 

Figure 1 is a graph showing the typical consumption current waveform 
5 and harmonic spectrum of a computer load; 

Figure 2 is a graph showing the typical consumption current waveform 
and harmonic spectrum of an adjustable speed drive (ASD); 

Figure 3 is a schematic illustration of a power distribution system 
utilizing a prior art power factor corrected (PFC) switch mode power supply; 

10 Figure 4 is a schematic illustration of a power distribution system 

utilizing a prior art active power filter; 

Figure 5 is a schematic illustration of a power distribution system 
utilizing a prior art L-C filter bank; 

Figures 6a and 6b are schematic illustrations of a power distribution 
15 system utilizing a prior art line reactor (choke); 

Figure 7 is a schematic illustration of a power distribution system 
utilizing a variation of the line reactor of Figure 6b; 

Figure 8 is a schematic illustration of a single phase power distribution 
system utilizing one embodiment of the harmonic mitigating device of the invention; 

20 Figure 9 is a schematic illustration of a three phase power distribution 

system utilizing an embodiment of the harmonic mitigating device having cross-link 
capacitors coimected in a wye configuration; 



25 



Figure 10 is a schematic illustration of a three phase power distribution 
system utiUzing a further embodiment of the harmonic mitigating device having cross- 
link capacitors connected in a delta configuration; 
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Figure 1 1 is a schematic illustration of a single phase power 
distribution system utilizing a further embodiment of the harmonic mitigating device 
of the invention; 

Figure 12 is a schematic illustration of a variation of the embodiment 

5 of Figure 11, 

Figures 13a to 13c are schematic illustrations of alternative single 
phase embodiments of the harmonic mitigating device of the invention; 

Figures 14a to 14i are schematic illustrations of various configurations 
of winding connections available in three phase embodiments of the harmonic 
10 mitigating device of the invention; 

Figure 15 is a schematic illustration of a further embodiment of the 
invention for a three phase system using three independent cores; and 

Figure 16 is a graph showing the harmonic spectrum of the 60 
horsepower ASD featured in Figure 2 utilizing the harmonic mitigating device of 
15 Figure 10. 

Detailed Description of the Invention 

In the embodiments of the invention illustrated, a power distribution 
system 2 may be any a.c. electrical power source, typically a mains power supply 
powered by an electrical utility or a local generator. The load 4 includes one or more 
20 harmonic-generating (non-linear) loads, the most common being non-linear loads such 
as computers, adjustable speed drives, rectifiers etc. The harmonic spectrum of 
different types of harmonic-generating loads will vary, however the device of the 
invention is suitable for mitigating harmonic currents in many different kinds of 
harmonic-generating loads. 

25 According to the invention, harmonic currents generated by the load 4 

are mitigated by interposing reactive elements m a first line 6 of the power 
distribution system, which may be a phase of the power distribution system 2 or a 
neutral, between the power distribution system 2 and the load 4, to establish a low 



wo 00/62396 PCT/CAOO/00336 

-9 - 

reactance fundamental current path in the first Une 6 between the load 4 and the power 
distribution system 2. The invention further provides a cross-link circuit connected to 
a second line 8, which if the first line 6 is a phase, may be a neutral or a different 
phase of the power distribution system 2, or if the first line 6 is a neutral, the second 
5 line 8 may be any phase of the power distribution system 2, to establish a low 
reactance path for harmonic currents generated by the load 4. Hannonic currents, 
which according to fundamental electrical principles will follow the path of lowest 
reactance, are thus largely diverted fiom the first line 6 through the cross-link circuit 
and do not penetrate into the power distribution system 2. 

10 hi the preferred embodiments of the invention this is accomplished by 

providing at least two windings disposed in opposite polarities on a core, connected in 
series in the first line 6 between the power supply and the load 4, The flux generated 
by one winding 20 is opposite to the flux generated by the other winding 30, resulting 
in a partial cancellation of fluxes. A cross-link circuit 40 is connected to a point 

15 between the two oppositely oriented windings 20, 30 and to the second Une 8, to 
estabUsh a low reactance path for harmonic currents generated by the load 4. The 
cross-link circuit includes a c^acitor 44, which has a high reactance to the 
fundamental current, and in the preferred embodiment may also include a reactive 
element comprising a winding 42 on a core which allows the reactance of the cross- 

20 link circuit 40 to be selected so as to target specific harmonic fi*equencies or firequency 
ranges. 

Thus, a significant portion of the harmonic currents can be diverted 
through the cross-link circuit 40, The fi-equency characteristics of the device of the 
invention are determined by the reactances of the windings and the capacitance of the 
25 capacitor, which also determine the output voltage level and the load displacement 
factor. 

Figure 8 illustrates a fu^t preferred embodiment of the invention for a 
single phase harmonic mitigating device. A fimdamental current path between the 
power distribution system and the load 4 is estabhshed in the first line 6 through 
30 reactive elements disposed on a magnetic (typically ferrous) core 22. In this 

embodiment the reactive elements comprise a line winding 20 having a reactance Xi 
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and having a first end connected to the first line 6 between the power distribution 
system 2 and the load 4, and a comp^ating winding 30 having a reactance X2 and 
connected in series between the load 4 and the line winding 20. The compensating 
winding 30 is oriented on the core 22 with an opposite polarity relative to the line 
5 winding 20, as illxistrated by the dot symbol in the drawings which designates the start 
of the winding. The line wmding 20 and the compensating windmg 30 thus cany the 
load current firom the power supply 2 through the first line 6 to the load 4. 

The reactance of each winding 20, 30 is proportional to the square of 
the number of turns of the winding 20 or 30 wound on the core 22. Because the line 
10 winding 20 and the compensating winding 30 are oriented with opposite polarities 
their fluxes oppose one another and partially cancel. 

A harmonic current path is estabUshed between the load 4 and the 
second line 8 by a cross-link circuit 40, which comprises a cross-link capacitor 44. In 
the preferred embodiment the cross-link circuit 40 further comprises a reactive 
15 element comprising cross-link winding 42 having a reactance X3. The input of the 
cross-link circuit 40 is connected to the first line 6 at an intermediate point between 
the line winding 20 and the compensating winding 30, and the output of the cross-link 
circuit 40 is connected to the second line 8. 

The reactance level of the harmonic current path established between 
20 the first line 6 and the second line 8, i.e. the reactance Xcl of the cross-link circuit 40 
(referred to herein as the "cross-link reactance**), is proportional to the inductive 
reactance X3 of the winding 42 minus the c^acitive reactance Xc of the capacitor 44.. 

The flux generated by the line winding 20 is proportional to the ampere 
turns II * Nl of the winding 20, which is equal to the product of the current of the 
winding 20 and the number of tums of the winding 20. Likewise the flux generated 
by the compensating winding 30 is proportional to the ampere tums Ic * Nc of the 
winding 30, which is equal to the product of the current of the winding 30 and the 
number of tums of the winding 30. Typically the line winding current It is slightly 
lower than the compensating winding current fc. The difference is due to reduced 
reactive current in the Une winding 20 as a result of the cross-link capacitor reactive 



25 



30 
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power compensating effect and the reduced level of harmonic currents at the line 
winding 20 because of their diversion through the cross-link circuit 40. 

For the fundamental fluxes the residual flux will be determined by the 
difference between the fundamental ampere-tums of the line winding 20 and the 
5 fundamental ampere-tums of the compensating winding 30. The through-inductance 
of the windings 20 and 30 is L == Ll + Lc - 2M, where Ll is the inductance of the line 
winding 20, Lc is the inductance of the compensating winding 30, and M is the 
mutual inductance between the windings 20, 30. The total through-inductance of the 
device 10 (referred to herein as the supply-to-load inductance) is determined by taking 
10 into account also the inductance of the cross-link circuit 40. 

The reactances of the reactive elements are preferably selected so that 
Xi > X2 and Xi > X3. Harmonic currents flowing fiom the load 4 to the power 
distribution system 2 must flow through either the line winding 20 or the cross-link 
circuit 40. At the frequencies of the targeted harmonic currents the reactance Xi of 
15 the line winding 20 is significantly greater than the reactance Xcl of the cross-link 
circuit 40. A large portion of the harmonic currents will therefore flow through the 
cross-link circuit 40. 

The ratio between the reactance X3 of the cross-link winding 42 and 
the reactance Xc of the capacitor determines the frequency characteristics of the cross- 

20 link circuit 40. The device 10 can thus be designed to mitigate certain harmonic 
currents in preference to others. Although as illustrated the input of the cross-link 
winding 42 is connected to the first Une 6 and the output of the cross-link capacitor 44 
is connected to the second line 8, those skilled in the art will appreciate that the 
relative positions of the winding 42 and c^acitor 44 in the cross-link circuit 40 are 

25 interchangeable. 

The reactances Xi, X2 and X3 may be selected within a wide range. 
Typically the cross-link reactance Xcl will be significantly lower than the line 
winding reactance Xi at the selected harmonic frequencies , ensuring that most of the 
harmonic currents are diverted through the cross-link circuit 40. 
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In operation, the fundamental current flows from the power distribution 
system 2 through the first line 6 to the load 4. The fundamental current flows through 
line winding 20 and compensating winding 30 with relatively low through-reactance 
because of the flux cancellation between the line winding 20 and the compensating 
5 winding 30, and thus powers the load 4 with low voltage drop through the device 10. 

Harmonic currents generated by non-linear loads 4 flow toward the 
power distribution system 2 through the compensating winding 30 to the second end 
of the line winding 20. From this point the reactance Xcl through cross-link circuit 
40, which is a function of X3 - Xc, is significantly lower than the reactance Xi of the 

10 line winding 20. Thus, at the output of the line winding 20 harmonic currents are 
diverted 60m the first line 6 through the cross-link circuit 40 to the second line 8 
(which is the neutral in the embodiment shown). The ratio of harmonic currents 
diverted througlh the cross-link circuit 40 to harmonic currents flowing through the 
first line 6 to the power supply 2 is inversely proportional to the ratio of the cross-link 

15 reactance Xcl (i.e- X3 - Xc) to the reactance of the line winding 20 (X\) at any 
particular harmonic frequency. Accordingly, only residual levels of the harmonic 
currents flow into the power distribution system 2; with the appropriate values for Xi, 
X2, X3 and Xc, typically 80% to 90% or more of the harmonic currents will be 
diverted through the cross-link circuit 40. 

20 The degree to which harmonic currents are mitigated can thus be 

selected by controlling the reactance levels of the windings 20, 30, 42 and the 
capacitor 44. This largely determines the extent to which the reactance level of the 
winding Xi to the harmonic currents exceeds the reactance level of the harmonic 
current path through the cross-link circuit 40 at selected harmonic fi^uencies. 

25 Thus, the reactance characteristics, number and arrangement of reactive 

elements can be selected to reduce the level of harmonic currents over a wide range, 
Scorn a slight reduction to virtually complete reduction of most harmful harmonics, 
according to the desired application. The device 10 of the invention can target 
minimization of a single harmonic current level or the current total harmonic 

30 distortion level. 
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Through experimentation and/or computer modeling, the harmonic 
spectrum in the power distribution system can be controlled by selecting the reactance 
of cross-link winding 42 and the capacitance of cross-link capacitor 44 to mitigate 
certain harmonic frequencies in preference to other hamaonic frequencies, depending 
5 upon the harmonic spectrum of the load 4 and requirements of the system. In any 
particular case this selection may take into account such factors as voltage drop, total 
harmonic distortion level, power factor and dc. voltage pulsation level at the rectifier 

OUQ}Ut. 

The cross-link circuit 40 is separated &om the power system by a high 
10 reactance of winding 20, which is beneficial because it reduces the possibility of 
overload of the windings and capacitors by untreated harmonic currents generated by 
non-linear loads connected to the power distribution system at other locations. The 
level of the supply-to-neutral reactance pCi + X3 - Xc) should be selected so as to 
prevent any resonance conditions of the capacitor 44 with the power system 
15 reactances. 

The ferrous core 22 should preferably be provided with at least one 
non-magnetic gap 22*, since the magnetic characteristics of ferrous materials are non- 
linear and vary widely with the load current. With a completely solid ferrous core it 
would be virtually impossible to control the reactance characteristics of the device 10, 

20 because reactance would change drastically as the load current changes. The optimal 
gap size changes depending upon the rating of the device, influenced primarily by the 
cross-section of the core and the niunber of turns of the windings. For example, in a 
reactor rated at 150 horsepower, each non-magnetic gap 22' should preferably be 
approximately 3 mm. The gap 22' also allows for large levels of power flow to be 

25 conducted through the reactor. 

The invention also serves to reduce voltage pulsation levels in rectifier 
outputs (such as in ASD's) more effectively. The capacitor 44 can buffer transient 
overvoltages, and the use of the device 10 increases ride through time of the system 
during momentary voltage dips. 
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Figure 9 illustrates a three phase embodiment of a hannonic mitigating 
device of the invention. A three phase reactor 50 on a core 52 comprises line 
windings 60, 70, 80 each having its input connected to one line 54, 56, 58 from the 
power distribution system, and its output connected m series to the inputs of 
5 respective compensating windings 62, 72, 82. The compensating windings 62, 72, 82 
have their outputs respectively connected to the three phase inputs of rectifier 59 (as 
shown in the drawings, the rectifier 59 actually forms part of the load 4, since the 
"load" should be considered to include any electrical system downstream of the device 
50). 

10 In accordance with the invention the compensating windings 62, 72, 82 

are oriented on the core 52 in a polarity opposite to the polarity of the line windings 
60, 70, 80. Cross-link circuits 64, 74, 84 are each respectively connected to the first 
line (i.e. line 54, 56 or 58) at the outputs of the Une windings 60, 70, 80. Cross-link 
circuits 64, 74, 84 respectively comprise cross-link windings 66, 76, 86 connected in 

15 series to capacitors 68, 78, 88, the outputs of which are interconnected in a wye 
configuration and optionally connected to a system neutral N if mitigation of zero 
phase sequence harmonics is desired. 

The operation of this embodiment is the same as the operation of the 
single phase embodiment of the invention illustrated in Figure 8, with harmonic 
20 currents in each phase being diverted through the lower reactance paths formed by the 
cross-link circuit 64, 74 or 84. As in the single phase embodiment, the positions of 
the windings 66, 76, 86 and the capacitors 68, 78, 88 within each respective cross-link 
circuit 64, 74, 84 are interchangeable. 

If mitigation of zero phase sequence harmonics is not required, then the 
25 cross-link circuits 64, 74, 84 do not need to be connected to the neutral. Figure 10 
illustrates a fiirther three phase embodiment of the harmonic mitigating device 50 of 
the invention, similar to the embodiment of Figure 9 except that the outputs of the 
cross-link windings 66, 76, 86 are interconnected through a capacitor network 90 
comprising capacitors 92, 94, 96 connected in a delta configuration. As in the 
30 previous embodiments the hannonic currents are diverted through the cross-link 
circuits 64, 74, 84 due to the lower reactance of X3 - Xc relative to X|. 
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In each case the windings are disposed on the legs of a core 52 having 
at least one non-ferrous gap 52a in each core leg. Alternatively, two independent 
cores positioned in alignment and separated by a non-ferrous gap would effectively 
create a single magnetic system. 

5 In the three phase embodiment the compensating windings 62, 72, 82 

need not necessarily be disposed on the same leg as the line windings 60, 70, 80 to 
which they are connected; they may be disposed on other core legs and/or connected 
to other windings from other phases, although in this case the flux canceling effect of 
the compensating windings 62, 72, 82 would be reduced somewhat because of the 

10 phase difference between the line windings 60, 70, 80 and the compensating windings 
62, 72, 82. At the same time, it may be advantageous in certain cases to locate the 
compensating windings 62, 72, 82 on core legs that do not correspond to the core legs 
on which the respectively connected line windings 60, 70, 80 are disposed, as this will 
phase shift the fluxes generated thereby. Figures 14a to 14i illustrate examples of 

15 available intercormections between the line windings 60, 70, 80 and the compensatmg 
windings 62, 72, 82 in three phase embodiments of the invention mounted on a core 
52. 

The three phase embodiments of Figures 9 and 10 may be more 
convenient and cost-effective because the device 50 has a single core. However, 

20 another equally viable altemative in a three phase system, or any multi-phase system, 
is to use a plurality of single phase devices as described above, one interposed in each 
phase. The outputs of the cross-link circuits 40 may interconnected such that the 
cross-link capacitors 44 are connected in a wye configuration, as in the embodiment of 
Figure 9, in which case the intercormected cross-link circuit outputs may optionally be 

25 connected to the neutral, or in a delta configuration as illustrated in Figure 10. 

The first line 6 may be any phase in the system or the neutral. Where 
the first line 6 is a phase the second line 8 may be any other phase or the neutral, or 
where the fu^t line 6 is the neutral the second line 8 any be any phase. 

Figures 1 1 and 12 illustrate further preferred embodiments of the 
30 invention for a single phase power distribution system 2. The fundamental current 
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path is established through the device 10 by a first line winding 20 having a reactance 
X] disposed in the first line 6 between the power distribution system 2 and the load 4, 
and a compensating winding 30 having a reactance X2 and coimected in series 
between the first winding 20 and the load 4. The compensating winding 30 is oriented 
5 with a polarity opposite to the polarity of the first line winding 20. A harmonic 

current path is estabhshed by first cross-link circuit 40 comprising cross-link winding 
42 having a reactance X3 and a cross-link capacitor 44. 

As in the previous embodiments the input of the first cross-link circuit 
40 is connected to the output of the first line winding, and the output of the first cross- 

10 link circuit 40 is connected to the neutral N (or to a different phase). However, in this 
embodiment a second line winding 100 is connected between the first line winding 20 
and the compensating winding 30. A second cross-link circuit 1 02 comprising cross- 
link capacitor 104 is coimected to the output of the second line winding 100 and the 
neutral N (or to a different phase). The current ratio between the three windings 20, 

15 30, 100 is in part dependent upon the level and spectral distribution of harmonic 
cuiients generated by the load 4. Thus, the addition of cross-link circuit 102 with 
capacitor 104 increases the harmonic mitigating firequency range of the device 10, to 
fiirther reduce the total level of harmonic currents flowing into the power distribution 
system 2. Moreover, the second cross-link circuit 100 can be tuned to have a very low 

20 reactance to a specific harmonic firequency, to thus preferentially target that harmonic 
fi^uency without detracting firom the mitigation of several other orders of harmonics 
through the first cross-link circuit 40. 

To reduce the voltage drop across the device 10, the reactances of the 
windings 20, 30, 100 are selected so that the combined fluxes of the first and second 
25 line windings 20, 1 00 is partially reduced or substantially cancelled by the flux 
generated by the oppositely-oriented compensating winding 30, as desired for any 
particular application. 

In the embodiment shown in Figure 1 1 the second line winding 100 is 
oriented in the same polarity as the first line winding 20. It is also possible to orient 
30 the second line winding 100 in a polarity opposite to the first line winding 20, as 
shown in Figure 12, in which case the winding 100 becomes a second compensating 
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winding and its reactance is additive to the compensating winding 30. In each case 
the selection of winding reactances should take into account the differential haimonic 
cuirent distribution between the first line 6, the cross-link circuit 40 and the cross-link 
circuit 102. 

Unlike the embodiment of Figure 8, in which the mpnt of the 
compensating winding is connected directly to the output of the line winding 20, in 
the embodiments of Figures 1 1 and 12 the compensating winding 30 is connected 
indirectly to the line winding 20, through the additional winding 100. It is possible to 
interpose further windings between the line winding 20 and the compensating winding 
30, and in each case the input of the compensating winding would be connected 
indirectly to the output of the line winding 20 so that the fundamental current has a 
path from the power distribution system 2 through the first line 6 to the load 4. 
System optimization analysis for any particular system may show that some of these 
windings are superfluous. 

The embodiment of Figure 12 also shows the device 10 of the 
invention with taps 30a, 30b provided in the compensating winding 30. This allows 
the degree of flux cancellation to be varied according to the system requirements, by 
connecting the load 4 or the first line 6 to the tap 30a, 30b which provides the desired 
number of ampere-turns for the degree of flux cancellation desired. The line winding 
20 and other windings 42, 100, 106 etc. may optionally be provided with taps to 
provide this additional versatility. 

Figures 13a to 13c illustrate embodiments of the invention in which the 
cross-link circuits 40, 102 optionally exclude the cross-link windings 42 and/or 102, 
respectively. 

In the embodiment of Figure 13a, to haimonic currents the cross-link 
reactance Xcl (in this case equal to the reactance Xc) remains lower than the reactance 
Xi because of the low reactance Xc of the cross-link capacitor 44 at harmonic 
frequencies. Because of the cancellation of fluxes between the magnetic fields 
generated by the first line winding 20 and the compensating winding 30 the overall 
voltage drop across the device 10 is reduced. However, the absence of a reactive 
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element (winding 42) in the cross-link circuit 40 substantially diminishes the ability to 
selectively mitigate specific hannonic firequencies over other harmonic fi^quencies. 

Figure 13b illustrates a similar embodiment having a second line 
winding 100 and a second cross-link circuit 102. This somewhat improves the ability 
5 to selectively mitigate specific hannonic firequencies over other harmonic fi^uencies, 
because the capacitors 44, 104 can be selected to target more than one specific 
harmonic order. Figure 13c illustrates an embodiment of the invention in which the 
abiUty to target specific hamonics is significantly improved by the inclusion of a 
cross-link winding 42 in the cross-link circuit 40. A cross-link winding could also be 
10 included if desired in the second cross-link circuit 102 (for example, as in the 

embodiment of Figure 12). The line and compensating windings could be distributed 
between a phase and the neutral, or between phases, and the number of permutations 
and combinations is unlimited. These embodiments are equally applicable to multi- 
phase systems. 

15 The cross-link winding 42 or 1 06 can be on the same core 22 as the 

Une and compensating windings 20, 30, or may be on a different core. In the three 
phase embodiments the cross-link windings 66, 76, 86 may be on the same core 52 but 
disposed on different legs of the core 52 fiom the corresponding line windings 60, 70, 
80, just as corresponding line and compensating windings 60 and 62, 70 and 72 or 80 

20 and 82 may be on different core legs. Figures 14a to i illustrate schematically some 
variations available in a three phase embodiment of the invention having one line 
winding 60, 70, 80 on each leg; one compensatmg winding 62, 72, 82 on each leg; and 
one cross-link winding 66, 76, 86 on each leg. The dot symbol designates the winding 
input in each case. 

25 Figure 1 5 illustrates an embodiment of the invention for a three phase 

system in which the line windings 60, 70, 80 and compensating windings 62, 72, 82 
are disposed on separate cores 22a, 22b, 22c. It can be seen in this embodiment that 
the compensating winding 62, 72 or 82 does not need to be disposed on the same core 
as the line winding 60, 70, 80 to which it is connected. For example, the line winding 

30 60 on core 22a is connected to the compensating winding 62 disposed on core 22c; the 
line winding 70 on core 22b is connected to the compensating winding 72 disposed on 
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core 22a; and the line winding 80 on core 22c is connected to the compensating 
winding 82 disposed on core 22b. The invention nevertheless provides the desired 
cancellation of fluxes between line and compensating windings on the same core, i.e. 
60, 72; 70, 82; and 80, 62; respectively. 

5 Figure 16 illustrates experimental results of current and the harmonic 

spectrum of the same 60 horsepower ASD that generated the waveform and harmonic 
spectrum shown in Figure 2, but in Figure 16 the harmonic mitigating device of 
Figure 10 was used in the manner described above. As can be seen the harmonic 
current levels are substantially mitigated by the device 10 of the invention, and the 
10 consumption current waveform is restored to a waveform close to that of the 
fundamental. 

The invention having thus been described with reference to the 
preferred embodiments, it will be apparent to those skilled in the art that certain 
modifications and adaptations may be made without departing fix>m the scope of 
15 invention. The invention is intended to include all such modifications and ad^tations 
as fall within the scope of the appended claims. 
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WE CLAIM: 

1 . A harmonic mitigating device for mitigating hamionic currents 
generated by a load connected to a power distribution system, comprising 

a magnetic core, 

a first reactive element comprising a line winding having a first end for 
connection to a first line and a second end, the line winding being disposed on the 
core in a first orientation, 

a second reactive element comprising a compensating winding having 
a first end for connection to the load and a second end, disposed on the core in a 
second orientation opposite to the first orientation, the second end of the 
compensating winding being connected to the first line through the line winding, and 

at least one cross-link circuit comprising a capacitor having an input 
connected to the first line at an intermediate point between the line winding and the 
compensating winding, and an output connected to a second line, 

wherein a reactance between the power distribution system and the 
load is reduced by a cancellation effluxes generated by the line winding and the 
compensating winding, and a selected portion of the harmonic currents is diverted 
througih the cross-link circuit 

2. The device of claim 1 in which the core is provided with at least one 
non-magnetic g^. 

3. The device of claim 2 for a three phase power distribution system, 
having a plurality of line windings and a plurality of compensating windings disposed 
on legs of at least one magnetic core, comprising a plurality of cross-link circuits each 
comprising at least one capacitor. 

4. The device of claim 3 in which the capacitors are connected in a delta 
configuration. 

5. The device of claim 3 in which the capacitors are cormected in a wye 
configuration. 
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6. The device of claim 5 in which outputs of the cross-link circuits are 
connected to a neutral. 

7. The device of claim 2 in which the cross-link circuit comprises at least 
one winding disposed on a core and connected in series with the capacitor. 

8. The device of claim 2 comprising a plurality of cross-link circuits. 

9. The device of claim 8 in which at least one cross-link circuit comprises 
a winding disposed on a core and connected in series with the capacitor in said at least 
one cross-link circuit. 

10. The device of claim 8 in which each cross-link circuit comprises a 
winding disposed on the core and connected in series with the capacitor. 

11. The device of claim 2 comprising a plurality of line windings 
connected in series and oriented in a like polarity on the core. 

12. The device of claim 2 comprising a plurality of compensating windings 
connected in series and oriented in a like polarity on the core. 

13. The device of claim 7 in which a reactance of the line winding is 
greater than a reactance of the compensating winding. 

14. The device of claim 13 in which a reactance of the compensating 
winding is approximately equal to a reactance of the winding in the cross-link circuit 

15. A harmonic mitigating device for mitigating harmonic currents 
generated by a load in a three phase power distribution system, comprising 

a magnetic core having at least three core legs, 
for at least one phase, a first reactive element comprising a line 
winding having a first end for connection to a first line of the power distribution 
system and a second end, the line winding being disposed on a leg of the core in a first 
orientation, 

a second reactive element comprising a compensating winding having 
a first end for connection to the load and a second end, disposed on the core in a 
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second orientadon opposite to the first orientation, the second end of the 
compensating winding being connected to the first line through the line winding, and 

at least one cross-link circuit comprising a capacitor having an mpnt 
connected to the first line at an intermediate point between the line winding and the 
compensating winding, and an output connected to a second line of the power 
distribution system, 

wherein a reactance between the power distribution system and the 
load is reduced by a cancellation of fluxes generated by the line winding and the 
compensating winding, and a selected portion of the hannonic currents is diverted 
through the cross-link circuit. 

16. The device of claim 15 in which the core is provided with at least one 
non-magnetic gap. 

17. The device of claim 16 in which each leg of the core is provided with a 
line winding and a compensating winding, and between each line winding and each 
compensating winding a cross-link circuit comprising a capacitor has an iiq>ut 
coimected to the phase and an output connected to a line comprising a neutral 
conductor or a different phase of the power distribution system. 

1 8. The device of claim 1 7 in which the capacitors are coimected in a delta 
configuration. 

19. The device of claim 17 in which outputs of the capacitors are 
connected in a wye configuration. 

20. The device of claim 19 in which the outputs of the cross-link circuits 
are connected to the neutral. 

21. The device of claim 17 in which the line winding is disposed on a 
different leg of the core fi-om the compensating winding connected thereto. 

22. The device of claim 1 6 in which the cross-link circuit comprises a 
winding disposed on a core and connected in series with the capacitor. 
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23. The device of claim 1 6 comprising a plurality of cross-link circuits 
having inputs connected between the at least one line winding and the compensating 
winding. 

24. The device of claim 23 in which at least one cross-link circuit 
comprises a winding disposed on a core and connected in series with the capacitor in 
said at least one cross-link circuit 

25. The device of claim 1 6 comprising a plurality of line windings 
connected in series and oriented in a like polarity on the core. 

26. The device of claim 1 6 comprising a plurality of compensating 
windings connected in series and oriented in a like polarity on the core. 

27. A method of reducing a voltage drop across a line reactor in a first line 
of a power distribution system, the line reactor comprising a line winding disposed on 
a magnetic core and having a first end connected to the first line and a second end 
coimected to the load, comprising the steps of 

a) connecting a compensating winding in series between the second end of the line 
winding and the load, the compensating winding being disposed on the core and 
oriented in a polarity opposite to the polarity of the line winding, 

b) connecting the input of a cross-link circuit comprising a c^acitor to the first Une at 
an intermediate point between the line winding and the compensating winding, and 

c) connecting the output of the cross-link circuit to a second line. 

28. The method of claim 27 in which the core is provided with at least one 
non-magnetic gap. 

29. The method of claim 28 for a three phase power distribution system 
having a plurality of reactors, comprising the steps of 

a) connecting a plurality of compensating windings in series between the outputs of 
the reactors and the load, the compensating windings being disposed on the core and 
oriented in a polarity opposite to the polarity of the reactors. 
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b) connecting the inputs of cross-link circuits each comprising a capacitor to the lines 
between the reactors and the compensating windings, and 

c) connecting the outputs of each cross-link circuits to a line other than the line to 
which the cross-link circuit input is connected. 

30. The method of claim 29 including the step of connecting the outputs of 
the c^acitors to the neutral. 

3 1 . The method of claim 29 comprising the step of cormecting the inputs of 
a plurality of cross-link circuits each comprising a capacitor to the first line between 
the reactor and the compensating winding and connecting the output of each cross- 
link circuit to a line other than the line to which the cross-link circuit input is 
connected. 

32. The method of claim 28 comprising the step of connecting one or more 
line windings to the reactor in series and oriented in a like polarity on the core. 

33 . The method of claim 28 comprising the step of coimecting a plurality 
of compensating windings and oriented in a like polarity on the core. 

34. A harmonic mitigating device for mitigating harmonic currraits 
generated by a load connected to a multi-phase power distribution system, comprising 

a plurality of magnetic cores, 

a plurality of line windings each having a first end for connection to a 
first line and a second end, each line winding being disposed on a separate one of the 
plurality of cores in a first orientation, 

a plurality of compensating windings each having a first end for 
connection to the load and a second end, each compensating winding being disposed 
on one of the plurality of cores in a second orientation opposite to the first orientation, 
the second end of each compensating winding being connected to a line winding, and 

at least one cross-link circuit comprising a cq)acitor having an input 
connected to an intermediate point between at least one line winding and a 
compensating winding connected to the at least one line winding, and an output 
connected to a second line. 
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wherein a reactance between the power distribution system and the 
load in at least the first line is reduced by a cancellation of fluxes generated by the at 
least one line winding and the compensating winding disposed on the same core as the 
at least one line winding, and a selected portion of the harmonic currents is diverted 
through the cross-link circuit. 

35. The device of claim 34 in which at least one core is provided with at 
least one non-magnetic gap. 

36. The device of claim 35 in which each core is provided with at least one 
non-magnetic gap, 

37. The device of claim 36 for a three phase power distribution system, 
having a plurality of line windings and a plurality of compensating windings disposed 
on legs of at least one magnetic core, comprising a plurality of cross-link circuits each 
comprising a capacitor. 

38. The device of claim 37 in which outputs of the cross-link circuits are 
connected to a neutral 

39. The device of claim 37 in which the cross-link circuit comprises a 
winding disposed on a core and connected in series with the c^acitor. 



40. 



The device of claim 37 comprising a plurality of cross-link circuits. 
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AMENDED CLAIMS 

[received by the International Bureau on 06 September 2000 (06.09.00); 
original claims 1-40 replaced by new claims MO (7 pages)] 

1. A hamionic mitigating device fcr mitisating hannonic currents 
generated by a load connected to a pcm^ distribution eystcni, coizq!^^ 

a magnetic core having at least one non-magnetic gap, 

a first reactive element compridng a line winding having a first end {or 
conncctian to a fiiat line and a second end, the line winding bemg dis^ 
core in a first orientation, 

a second reactive element comprising a compensating winding having 
a first end fin^ connection to the bad and a second end, disposed on the core in a 
second orientation opposite to the first orientation, the second end of the 
compensating winding being c onncLtcd to the fixHt line tfanmgh the Uno winding, and 

at least one cross-link circuh comprising a c^acitor having an iipit 
connected to the first iirie at an uxtemediate point between the line winding and ^ 
coznpensating windixig, and an output cotmected to a second Ime, 

^^lerein a reactance between the power distribution system and the 
load is reduced by a cancellation of fluxes generated by the Ime winding and the 
compensatmg winding, and a selected portion of the harmonic cuneots is diverted 
throu^ file cross-link drcuit 

2. The device of claim 1 in which fiie non-magnetic gap con^irises an air 
gap. 

3. The device of claim 1 fixr a three phase power distribution system, 
having a plurality of line windings and a plurality of compensatiiig windings disposed 
on legs of at least one magnetic core, comprising a phsality of cross-link circuits each 
canq;nrising at least one capadtor. 
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4. Thfl dervicft of daim 3 in fliA f_^MgitftTB arm Mj^^^f^ q 



5. The device of claim 3 in which the capacitoxs are connected in a wye 
configuration. 

6. The device of claim 5 in which outputs of the czoss-link cizcuits are 
connected to a neutral 



7. The device of claim I in which the cross-link circuit comprises at least 
one winding disposed on a core and connected in sedes with the cq>aehor. 

8. The device of claim I comprising a plurality of cross-link circuits. 

9* The device of daim S in which at least one cross-link circuit conqirises 

a winding disposed on a core and connected in series with the c^jacitor in said m 
one cross-lirdc circutt . 



10. The device of claim 8 in which each croas-link ciicmt cnffmni^ ^ 

winding disposed on the core and connected in series with the capddtot. 

The device of claim 1 comprising a plurality of line windings 
connected in series and oriented in a like polarity on the core. 



12. The device of claim 1 comprismg a plurality of compensating windings 
connected in series and oriented in a like polarity on the corei. 

13. The device of claim 7 in which a reactance of the line winding is 
greater than a reactance of the conQ>ensating winding. 
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14. Use devic* of claim 13 in which a reactance of tiie campenaatiiig 

wiiuling is ^proximately equal to a reactance 



15. A haxmonic mitigating device for mitigating bammnic currents 
generated by a load in a fbree phase power distribution system, comprising 

a magnetic core having at least ifaree core legs and at least one non- 
magnetic gjapf 

for at least one phase, a first reactive element conqmsing a line 
winding having a first end for connection to a first line of the power distributbn 
system and a second end» the line winding being disposed on a leg of the core in a 
first orientation. 

a second reactive element comprising a compensating winding having 
a first end for connection to the load and a second end, disposed on &e core in a 
second orientation opposite to the first orientation, the second end of tfie 
compensating winding being connected to the first line through the line winding, and 

at least one cross-link circuit coaq)rising a capacitor having an iiq>at 
connected to the first line at an intramediate point between die line winding and the 
compensating winding, and an output connected to a second line of the power 
distribution system, 

whoein a reactance between the power distribution system and the 
load is reduced by a cancellation of fluxes generated by die line winding and the 
compensating winding, and a selected portion of the harmonic currents is diverted 
throu^ the cross-link circuit 

16. Hie device of claim 1 5 in vMclx the non-magnetic g^ comprises an 
airg^» 



17. The device of claim IS in wiAch each leg of the core is provided with a 

line winding and a compensating winding, and between each line windmg and each 
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compensating winding a crctfis-link circuit comprising a capadtor has an ix^at 
connected to ttie phase and an output connected to a line comprising a neutral 
conductor or a different phase of tibe power distribution system. 

18. The device of claim 17 in which the capacitors are connected in a delta 
configuratioiL 

19. The device of claim 17 in which outputs of the capacitors are 
coimected in a wye configuration. 

20. The device of claim 19 in which the outputs of the cross-link circuits 
are connected to the nentraL 

21. The device of claim 17 In whidi the line winding is disposed on a 
diffcrait leg of the core from the compensating winding connected thereto. 

22. The device of claim 15 in which the croas-link circuit conqsriaes o 
winding disposed on a core and connected in series with the cq>aeitor. 

23. Hie device of claim IS conqsrising a plurality of cross-link circuits 
having inputs connected between the at least one line windmg and the conq)a)8ating 
winding. 

24. The device of claim 23 m which at least one cross-link circuit 
comprises a winding disposed on a core and connected in series with the capacitor in 
said at least one cross-link circuit 

25. The device of claim IS comprising a plurality of line windings 
connected in series and oriented in a like polarity on the core. 
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26. The device of claim IS campriring a plurality of eompeaaating 
windings connected in series and oriented in a like polarity on the cote. 

27. A method o f rednctng a voltage drop across a line reactor in a first line 
of a power distribution system, the line reactor comprising a line winding di^sed on 
a magnetic core having at least one xum-magnetic gap, die Une winding havmg a first 
end connected to fbe first Une and a second end connected to the load, contiprising the 
steps of 

a) connecting a compensatins wiiiding in series between the second end of the ^ 
winding and the bad, the conq[>ensating winding being disposed on the core and 
oriented in a polarity opposite to the polarity of the line winding, 

b) connecting ^ input of a cross-link drcuit comprising a capmciUxr to the first line at 
an intermediate point between the line winding and the conqsensating windings and 

c) connecting the ou^ut of the cross-link circuit to a second line. 

28. The method of claim 27 in which the non-magnetic gap comprises an 
airgq>. 

29. The method of claim 27 for a three phase power distribution system 
having a plurality of reactors, comprising the steps of 

a) connecting a plurality of compensating windings in scries between the outputs of 
the reactors and the load, the compensating wiiulings being disposed on the core and 
oriented in a polarity opposite to the polarity of the reactors* 

b) connecting ^ iiiputs of cross-link circuits each comprising a c^acitor to the lines 
between the reactors and the conq)en5ating windings, and 

c) connectmg the ouQ>uts of each cross-link circuits to a line other than the line to 
which the cross-link circuit input is connected. 
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-al- 
so. The jne&od of claim 29 including the stq> of connecting die outpute of 
the capacitors to the neutraL 

31. The method of claim 29 comprising the step of comiecting the inputs 



of a plurality of cross-link ciicuits each comprising a capadtor to the first line 
between the reactor and the compensating winding and connecting the output of each 
cross-link circuit to a line other than the line to the cross-link circuit input is 
connected. 

32. The method of claim 27 comprising the stq> of connecting one or more 
line windings to the reactor in series and oriented in a like polarity on the core. 

33. Tbe method of claim 27 conqirising the stq) of connecting aplurality 
of compensating windings and oriented in a like polarity on the core 

34. A harmonic mitigating deidce for mitigadng harmonic currents 
genflnted by a load oonneoted to a multi-pbase power distribution system, con^irising 

a plurality of magnetic cores ead) having at least one non-magnetic 

a plurality of line windings each having a finst end for connection to a 
first line and a second end, each line winding being disposed on ft separate one of the 
plurality of cores in a first orientation. 

a plurality of compensating windings each having a first end for 
connection to the load and a second cai^ each conq;>ensating winding being disposed 
on one of the plurality of cores in a second orientation opposite to the first orientation, 
the second end of each compensating windmg bemg connected to a line winding, and 

at least one cross-link circuit comprising a c^acitor having an ixpit 
connected to an intannediate point between at least one line winding and a 
compensating winding connected to the at least one line winding, and an ou^ut 
connected to a second line. 
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^toein a reactance between tiie p ower distributian Byrtftm fm/< f Kg 
load in at least the first line is reduced by a cancellation of fluxes generated by the at 
least one line winding and the compensating winding disposed on the same core as the 
at least one line winding, and a selected portion of the baimonic currents is diverted 
throui^ the cxoss-Iink drcttit 

35. The device of claim 34 in which each nan-magoctic gap comprises an 
airgq). 

36. The device ofclaim 34 m which ^h core is provided with at least <me 
non-magnetic gap* 

37. The device of claim 36 for a three phase power distribution system, 
having a plundiQr of line windmga and a plurality of oan^ensaii^g windings disposed 
on legs of at least one magnetic core, comprising a plurality of cross-link circuits ^'^h 
comprising a cq>acitor. 

38. The device of claim 37 in which outputs of the cross-link circuits ace 
connected to a nentraL 

39. The device of clann 37 m which the cross-Unk cfacuit comprises a 
winding disposed on a core and connected in series with the cs9>acitor. 

40. The device of claim 37 comprising a plurality of cross-link circuits. 
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STATEMENT UNDER ARTICLE 190) 



The origmal claims are hereby cancelled and rq)laced by claims 1 to 40 presented herewith. 

The Search Report identifies as &e only potentially relevant reference EP Patent Application 
No. 1 003 294 (Barsellotti et al). Barsclbtti et al teach a flnx cancelling diplex filter ibr 
separating a communications signal fiom a power signal. The problem addressed by 
Barsellotti et al» as described at colmnn 3, lines 19 to 31, is that the high amperage of Ihe 
power signal would require a filter with an enormous core in order to avoid saturation, 
resulting in large heat dissipation and wasted energy. 

Barsellotti ct al solve Ifais problem by providing primary and secondary windings on a hi^- 
pcrmeability magnetic core ^^h promotes flux leakage, the windings being oriented in 
opposite dh'ections to provide flux cancellation. To achieve this Barsellotti et al require 
maximum physical separation between tiie windings to produce a long magnetic path (see 
column 2, lines 16 to 19; cohunn 5,lines6to 10). As shown in the drawings, particularly 
Figure 9, to achieve this in ti)e Barsellotti et al device the primary and secondary windings are 
disposed on con^letely separate core 1^. 

The present invention serves a completely different purpose: to reduce current distortion in a 
power distribution system caused by non-Unear bads. To accomplish this result, Ihe line 
winding and conrpensating winding in die present invention arc disposed on the same core 
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leg, and advantageously as close together as possible to ensoie good electromagnetic coi^ling 
betveeo the windings. K is not an advantage in the piesoit invention to provide d» core wilh 
hig^ magnetic pcnneability; a conventional laminated steel transfonner core is adequate, and 
in tict preferable. Tlie present invention does not operate on the same principles as the device 
in Barsellotti et al, and it is not an object of the present invention to promote flux leakage. 

ix &ct. in the prefmed embodiment of the present invention the core has an air g^, 
specifically to intenropt die magnedc path. Barsellotti et al expressly teach away from the 
provision of an air gap (cohmm 4, line 12). The provision of an air g^ in fte device of 
Barsellotti et al would defeat the purpose of their filter, by reducing the magnetic permeability 
of the core thus reducing flux leakage. Barsellotti et al require maximum flux leakage to 
effect the puxpose of their invention while avoiding low fiequency saturatioa 

Tlie purpose and environment of fiie Barsellotd et al device and the present invention aro thus 
very difBsxent Barsellotti et al teach a small device with low Hmm^-cunent levels of hi{^ 
fiequency currents for communications signals, which enter the filter from the power siqsply 
side, while the present invention reduces cunent distortion in high level cunents generated on 
flie load side of the reactor. 

According to Barsellotti et al the lowest fiequency of interest is 2 MHz (column 4, lines 52 to 
S3) whereas the present invention deals widi frequencies as low as ISO Hz (the third 
harmonic in a 50 Hz system) or 180 Hz (the third harmonic in a 60 Hz system), and is not 
concerned with fiequencics higher than 2-3 Hz, As such the cq)acitor employed by Barsellotti 
et al is extremely small (0. 1 ^F), being selected for its ability to conduct very hi^ fiequency 
signals having very low cunrent levds; in the present invention the capacitor in the cross-link 
circuit is several orders of magnitude laiger, because its purpose is to conduct heavy harmonic 
currents while at the same time conq^ensadng for reacdve power in the system. It is noted thai 
the Barsellotti ct al also requires a common ground plane (8), which is urniecessary in the 
device of the invention. 

The Barsellotti et al device would actually be unsuitable for reducing current distortion in a 
power distribution system caused by non-linear loads. In Barselloni et al the power 
distribution and communications currents both enter the device fiom the same side of the 
filter, thus, Barsellotti et al teach that the primary and secondary windings should be identioal 
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(column 4, lines 5 to 7)» to maximize flux cancellation. Jn the present invention the reactance 
of the line winding is preferably larger than that of the conqsensating winding (see Sot 
exanq)le page 1 1, lines 1 1 to 12), which reduces the bad-to-line through-nactancc relative to 
the cross-link circuit and causes bannonic cuirents generated on the had side of the reactor to 
be diverted fluough the cross-link circuit 

It should father be noted that the filter taught by Barsellotti et al can only 
phase system; in a multi-phase system Barsellotti et al's primary and secondary windings, 
being on different core legs» would have different phase angles and flux cancellation would 
not occur effectively. This, too, would defeat the pmpose of Barsellotti et al's device. 

The present invention is thus distinguishable fiom the device tau^ by Barsellotti et a! in 
many ways» one of the more important being the provision of a non-magnetic g^ in the core 
which breaks Hic magnetic path and reduces the penneability of the core. Claims 1, 1 5, 27 
and 34 have been amended to recite that the magnetic core has at least one non-magnetic g^, 
and this patentably distinguishes the present invention fiom fte prior art 
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